INTRODUCTION
============

A recent in situ electrochemical survey of the Okinawa Trough hydrothermal fields observed spontaneous generation of electricity widespread in deep-sea vent chimneys and mineral deposits ([@R1]). Field and laboratory investigations have verified that electrons are catalytically provided by the oxidation of reductive hydrothermal fluid chemicals (for example, H~2~S and H~2~) at the fluid-mineral interface and are transported to the mineral-seawater interface via electrically conductive sulfide rocks across the redox gap between the fluid and seawater ([Fig. 1A](#F1){ref-type="fig"}) ([@R1], [@R2]). Considering the ubiquity of sulfide deposits in the present-day and the early ocean hydrothermal environments ([@R3]), together with ever-existing redox disequilibrium between Earth's surface and the interior ([@R4]), the geoelectrochemical systems must have occurred extensively on the seafloor throughout Earth's history ([@R5]). We have previously demonstrated efficient CO~2~ electroreduction to carbon monoxide (CO) on some metal sulfides (for example, CdS and Ag~2~S) simulating early ocean hydrothermal vent environments ([@R6]). The reaction conditions favorable for the CO production were consistent with the conditions assumed in Wächtershäuser's abiotic organic synthesis starting from CO ([@R7]--[@R9]); thereby, the early ocean alkaline hydrothermal systems were suggested to have favored the prebiotic CO~2~ fixation and the subsequent evolution of primordial metabolism toward the origin of life ([@R6]).

![Geoelectrochemical metal production in the early ocean alkaline hydrothermal systems.\
(**A**) At the vent-seawater interface, metal sulfides precipitated through mixing between the ancient seawater rich in metal cations (for example, Fe^2+^) and the alkaline hydrothermal fluid containing HS^−^ were exposed to a negative electric potential and were electroreduced to the corresponding metals (for example, Fe^0^) with the reactivity depending on the potential and the nature of sulfides. (**B** to **E**) X-ray diffraction (XRD) patterns of FeS, Ag~2~S, CuS, and PbS before and after the electrolysis, respectively. The small peaks noted by asterisks (\*) in (B) represent NaCl signals. The XRD data for the other sulfides are presented in fig. S3. The potential/pH diagrams of the relevant metal-sulfide systems are shown in the left columns. The colors represent the thermodynamically predicted stability regions of metals (red) and sulfides (green, orange, and blue refer to the sulfides with the metal/sulfur ratio of 1, \>1, and \<1, respectively) in the aqueous condition examined in the present study.](aav7848-F1){#F1}

Most anabolic pathways in extant organisms go through five universal intermediates (acetyl--coenzyme A, pyruvate, oxaloacetate, succinate, and α-ketoglutarate) as starting points for the synthesis of entire metabolome ([@R10]). Autotrophic theories of the origin of life postulate that these precursors were produced nonenzymatically via an incomplete version of the reductive tricarboxylic acid (rTCA) cycle in sulfide-rich hydrothermal environments ([@R11]). Recent biochemical studies even suggested that a mixotrophic bidirectional TCA cycle could be the most ancient enzymatic metabolism ([@R12]). Although possible geochemical mechanisms to harness the disequilibrium energy provided by hydrothermal systems have been discussed over the past three decades ([@R11], [@R13]), experimental evidences that support the scenario remain meager.

Two recent studies suggest that metals are favorable for the nonenzymatic protometabolic reactions ([@R14], [@R15]). Muchowska *et al*. ([@R14]) have shown that 6 of the 11 steps in the TCA cycle are promoted in the reductive direction by metallic iron (Fe^0^) in the presence of Zn^2+^ and Cr^3+^. The same group also reported that zerovalent metals (Fe^0^, Co^0^, and Ni^0^) selectively reduced CO~2~ to acetate and pyruvate ([@R15]). Native metals including Fe^0^, Ag^0^, Au^0^, Cu^0^, and Ni^0^ are produced sustainably through hydrothermal alterations of ultramafic rocks (for example, olivine) under deep, high-temperature, and H~2~-rich conditions ([@R16]--[@R19]). Fe^0^ may also be generated by high-temperature (\>1000°C) alterations of basaltic iron in the presence of organic carbon as a reducing agent ([@R20]) and by the extraterrestrial input of meteorite-derived reducing power ([@R21]). However, the first process is unlikely to have contributed substantially to prebiotic chemistry because of the difficulty in fluid-mediated material transport from the hot reaction zone to the early ocean floor. The latter two processes cannot provide a continuous supply of fresh Fe^0^ at a certain surface environment. Furthermore, because the oxidation state of the Hadean upper mantle has been estimated to be similar to the present state ([@R22]), the sustained availability of reactive native metals in the Hadean environment still poses a problem.

Iron was a major dissolved metal species in the Hadean ocean with a valence state of +2 ([@R23]). By forming a complex with sulfide anion (S^2−^), Fe^2+^ undergoes a geometric change in the electron orbital from octahedral to tetrahedral that considerably facilitates a 2e^−^ uptake of Fe^2+^ to Fe^0^ ([@R24]). A voltammetric analysis of the Fe^2+^/Fe^0^ redox couple in the presence of HS^−^ observed a reductive signal due to Fe^2+^ in iron sulfide complexes at around −0.85 V \[versus standard hydrogen electrode (SHE)\] and a signal due to free Fe^2+^ at −1.15 to −1.2 V under the present-day seawater condition at pH 8.1 and 25°C ([@R24]). The −0.85 V is close to the FeS/Fe^0^ equilibrium potential in the examined seawater condition (−0.68 V versus SHE) and corresponds to a geoelectrochemical potential generable in moderately active hydrothermal settings (for example, 1 mmol kg^−1^ H~2~ has the oxidation potential of −0.85 V versus SHE at pH 11.1, 150°C, and 500 bar). Even less negative potentials are expected to suffice for the FeS-to-Fe^0^ electroreduction at lower pH, owing to the positive shift of FeS/Fe^0^ redox equilibrium with decreasing pH ([Fig. 1B](#F1){ref-type="fig"}). Considering the slightly acidic (pH 6 to 7) ([@R25]) and Fe^2+^-rich (10^−2^ to 10^−4^ M) ([@R23]) character of ancient seawater, the precipitation of seawater Fe^2+^ as sulfide (FeS) and its subsequent electroreduction to Fe^0^ must have occurred in alkaline hydrothermal vent environments on the early ocean floor ([Fig. 1A](#F1){ref-type="fig"}). FeS can promote, albeit only slightly, certain steps in the rTCA cycle at neutral pH ([@R26]) and the keto acid--to--amino acid reductive amination at alkaline pH (8 to 10) ([@R27]). Thus, the geoelectrochemical processes should have facilitated FeS to drive organic reactions and enabled the operation of primordial metabolism under aqueous conditions consistent with the early ocean alkaline hydrothermal systems.

Here, we present a laboratory demonstration of day-scale electroreduction of FeS to Fe^0^ under a simulated early ocean condition and show that the resultant FeS-Fe^0^ assemblage considerably promotes some prebiotically important reactions at neutral to alkaline pH. To the best of our knowledge, this study provides the first experimental evidence of the solid-phase FeS-to-Fe^0^ electroreduction ([@R28]), although formation of amalgamated iron from dissolved/colloidal FeS species has been characterized by voltammetric analyses with a mercury working electrode ([@R24], [@R29]). We also examined the reduction behaviors of various metal sulfides (Ag~2~S, CdS, CoS, CuS, MnS, MoS~2~, NiS, PbS, WS~2~, and ZnS). These metals have been observed both in the present-day and Paleozoic hydrothermal sulfide deposits ([@R3], [@R30]) and have been inferred to have played key roles in prebiotic chemistry ([@R30]). In addition to FeS, Ag~2~S, CuS, and PbS exhibited even more rapid conversions to the corresponding metals under geochemically feasible potential conditions. Ag^0^, Cu^0^, and Pb^0^ are known to work as catalysts or reducing agents for various organic reactions ([@R31]--[@R33]). Thus, taking the reactivity of transition metals into account, we propose a new scheme, electroreduction of metal sulfides, to provide reductive energy and catalytic surfaces to support the autotrophic origin of life in the Hadean ocean floor.

RESULTS
=======

The metal sulfide electrolysis was conducted in an H-type cell that had two compartments separated by a proton exchange membrane, with a Ag/AgCl reference electrode and a carbon working electrode placed at one side and a platinum counter electrode at the other side (fig. S1). Laboratory-prepared (Ag~2~S, CdS, CoS, CuS, FeS, MnS, NiS, PbS, and ZnS) or commercially obtained (MoS~2~ and WS~2~) sulfides were deposited on the carbon electrode and exposed to a constant potential for up to 7 days in 100 mM NaCl aqueous solution saturated with 1 atm of CO~2~ containing 4 parts per million (ppm) of H~2~S at pH 6 ± 0.25 and room temperature (23° to 25°C). Although the ionic strength and pressure conditions adopted in our electrochemical experiment are likely different from the ancient deep-sea hydrothermal settings ([@R34], [@R35]), a thermodynamic calculation indicates that these differences have no significant influence on the sulfide/metal equilibrium potentials (see Materials and Methods). The sulfide samples were then separated from the supernatant solution, dried under vacuum, and measured for x-ray diffraction (XRD) pattern.

The Fe^0^ formation from FeS (FeS + 2H^+^ + 2e^−^ → Fe^0^ + H~2~S) was demonstrated after the 7-day experiment at −1.0 V (versus SHE) ([Fig. 1B](#F1){ref-type="fig"}); broad but recognizable signals appeared around 44.7°, 65.0°, and 82.3° that are assigned to the α-form of Fe^0^ with a body-centered cubic structure while signal intensities due to mackinawite decreased. The Fe^0^ signals grew in proportion to the duration of −1.0-V electrolysis (fig. S2). The highest 44.7° peak was also observed at −0.8 and −0.7 V (versus SHE), whereas no appreciable signal except for those of mackinawite was observed at −0.6 V (versus SHE). Metal was also identified from Ag~2~S, CuS, and PbS after the electrolysis ([Fig. 1, C to E](#F1){ref-type="fig"}), although the other sulfides exhibited no metal XRD signal under the examined conditions (≥−1.0 V versus SHE, ≤7 days) ([Fig. 2](#F2){ref-type="fig"} and fig. S3). Nearly complete reductions were achieved within 48 hours at ≤−0.4, ≤−0.8, and ≤−0.8 V (versus SHE) for Ag~2~S, CuS, and PbS, respectively ([Fig. 1, C to E](#F1){ref-type="fig"}). Detectable amounts of Cu^0^ and Pb^0^ were produced at −0.6 V (versus SHE) after longer experimental duration (7 days) but not at −0.4 V (versus SHE). The threshold potentials of the sulfide-to-metal electroreduction are close to the respective equilibrium potentials (−0.55, −0.23, −0.49, and −0.53 V versus SHE for iron, silver, copper, and lead, respectively), indicating existence of low overpotentials less than 0.2 V. Note that the total charges built up during the electrolysis were, in many cases, much more than those required for the metal productions (fig. S4). Electrons were consumed largely by H~2~ generation (2H^+^ + 2e^−^ → H~2~) except for the case of Ag~2~S with an applied potential of ≤− 0.9 V (versus SHE), where CO evolved with up to 30% Faraday efficiency (CO~2~ + 2H^+^ + 2e^−^ → CO + H~2~O) ([@R6]). The observed rapid Ag~2~S-to-Ag^0^ electroreduction under these potential conditions ([Fig. 1C](#F1){ref-type="fig"}) suggests that the CO production was promoted by Ag^0^ rather than by Ag~2~S ([@R36]).

![Summary of the electroreduction behaviors of metal sulfides under a simulated early ocean condition.\
(**A**) A circle located at a potential and a metal indicates that a detectable amount of the metal was generated during the 7-day electrolysis with the potential. Analogously, crosses show that no metal production was observed in our experiment. The color of the cross denotes the dominant sulfide stoichiometry seen after the 7-day electrolysis (see [Fig. 1](#F1){ref-type="fig"} legend for the color convention). The numbers indicate the duration in hours of experiments required by the complete sulfide-to-metal conversions. (**B**) A redox calculation for 1 mmol kg^−1^ H~2~ \[H~2~(aq) → 2H^+^ + 2e^−^\] as a function of temperature and pH indicates a geoelectrochemically feasible potential range of 0 to −1.1 V versus SHE.](aav7848-F2){#F2}

To examine whether the electrochemically reduced FeS \[hereafter described as FeS_PERM (FeS partially electroreduced to metal)\] facilitates abiotic reactions of prebiotic importance, we electrolyzed FeS at −0.7 V (versus SHE) for 7 days, dried under vacuum, sealed in a serum bottle with an aqueous solution of organic or inorganic chemicals, and agitated at room temperature (23° to 25°C) for 2 days without externally imposing electric potential. Solution pH was buffered at near neutral (pH 6.5) by adding CO~2~ gas into the bottle for reduction experiments of oxaloacetate, fumarate, and nitrate (5 mM for each) while maintained at pH 9.6 by ammonia (0.5 M) for the reductive aminations of glyoxylate, pyruvate, oxaloacetate, and α-ketoglutarate (5 mM for each). The electroreduction markedly enhanced the FeS's capability of facilitating target reactions ([Fig. 3](#F3){ref-type="fig"}). Around 37% of oxaloacetate was converted to malate in the presence of the FeS_PERM, while pyruvate and acetate were the sole identified products when as-prepared FeS was used (fig. S9). Malate was not observed when a commercially obtained pure Fe^0^ was used instead of the FeS_PERM (fig. S9) because pure Fe^0^ can promote the reaction only in highly acidic solutions (1 M HCl) ([@R14]). Another abiotic mechanism for the oxaloacetate-to-malate conversion proposed so far is ultraviolet (UV)--induced photoelectroreduction on ZnS colloidal semiconductor ([@R37]) that is unavailable in deep-sea environments. Recently, both the oxidative and reductive directions of TCA cycle were identified to be driven nonenzymatically using sulfate radicals generated from peroxydisulfate homolysis (S~2~O~8~^2−^ → 2SO~4~^·−^) ([@R38]). The presence of these highly oxidized sulfur species with a concentration sufficient to sustain protometabolism on the Hadean Earth is unlikely.

![Nonenzymatic reactions in the presence of as-prepared FeS (blue) and the FeS electrochemically reduced at −0.7 V (versus SHE) for 7 days (FeS_PERM) (red).\
The yields were calculated relative to the initial amounts of starting materials of respective reactions. A full dataset for the identified and quantified products are presented in fig. S9 and tabulated in table S1 together with the results under the following conditions: with H~2~ gas, with FeCl~2~, with pure Fe^0^, and without reductant. The right diagram shows the reactions examined in the present study (a to g) and those demonstrated previously by simulating hydrothermal vent environments on the early Earth \[CO~2~ → CO in ([@R6]) and CO → C~2~ and C~3~ compounds in ([@R7], [@R9])\].](aav7848-F3){#F3}

Malate then links to fumarate in the rTCA cycle through reversible dehydration catalyzed by Zn^2+^ or Cr^3+^ ([@R14]). The fumarate reduction to succinate was poorly assisted by the FeS_PERM (yield, 4%; [Fig. 3](#F3){ref-type="fig"}), but at 80°C, under otherwise identical condition, 22% of fumarate converted to succinate (fig. S10). Similar reduction behaviors as observed for the C~4~ compounds are likely seen in the C~6~ intermediates of the TCA cycle (from oxalosuccinate to citrate) ([@R14]). We did not examine its possibility because the C~6~ steps may be a biological invention retrofitted with a preceding incomplete rTCA cycle ([@R39], [@R40]).

At alkaline pH (9.6), pyruvate and α-ketoglutarate reacted nearly completely with ammonia to generate alanine and glutamate, respectively, with the aid of FeS_PERM ([Fig. 3](#F3){ref-type="fig"}). Ammonia can be made by the FeS_PERM-promoted reduction of nitrate ([Fig. 3](#F3){ref-type="fig"}). Nitrate possibly dissolved in the early ocean with micro- to millimolar concentrations ([@R41]). Alternatively, ammonia could have been provided directly from fluids from hydrothermal vents as a consequence of nitrogen dissolution into magma ocean during Earth's formation process, followed by water-rock interactions beneath the ocean floor ([@R42]). The FeS_PERM also led to excellent yields in the glycine and aspartate syntheses from glyoxylate and oxaloacetate (59 and 64%, respectively). The present study succeeded in driving the oxaloacetate-to-aspartate conversion without UV irradiation using ammonia as a nitrogen source ([@R27]). Although this reaction was recently demonstrated in the presence of hydroxylamine and pure Fe^0^ at 100°C ([@R43]), the availability of hydroxylamine on the Hadean Earth is unclear. Pure Fe^0^ also promoted the aspartate formation from oxaloacetate and ammonia (fig. S9). However, pyruvate and its derived amino acid alanine were formed in comparable amounts via oxaloacetate decarboxylation. Consequently, the selectivity for aspartate synthesis by pure Fe^0^ was lower than by the FeS_PERM.

We also examined the reductive amination of four keto acids (1.25 mM for each) in one serum bottle under the condition described above. All corresponding amino acids were generated with the yields higher than 50% (fig. S11). Alanine and glutamate were formed preferentially over the others.

DISCUSSION
==========

Our experiments revealed that electrolysis is an effective process of producing Fe^0^ from FeS ([Fig. 1B](#F1){ref-type="fig"}) and markedly enhances FeS's capability of driving certain reactions ([Fig. 3](#F3){ref-type="fig"}). The selectivities for target reactions controlled by FeS_PERM are comparable with, or even superior to, those by pure Fe^0^ in all examined steps except for the fumarate reduction (fig. S9). Our prepared FeS has a poorly crystalline structure ([Fig. 1B](#F1){ref-type="fig"}) possibly reflecting the generation and aggregation of nanoparticle iron sulfide precursors that precede the mackinawite precipitation ([@R44]). The metastable character and high specific surface area ([@R28]) should facilitate the FeS-to-Fe^0^ electroreduction and the FeS_PERM-promoted reductions of organic/inorganic molecules. It is also conceivable that the electrochemically generated Fe^0^ is present not only as a poorly crystalline aggregate identifiable by XRD ([Fig. 1B](#F1){ref-type="fig"}) but also as a molecular-level admixture with FeS. The Fe^0^-FeS interface may provide a synergy between the Fe^0^'s reducing power and the FeS's capability of catalyzing electron uptake of chemisorbed molecules ([@R11]), thereby boosting the efficiencies of target reactions.

At the vent-seawater interface in early ocean hydrothermal systems, metal sulfide precipitates must have been exposed to a sustained negative electric potential by the geoelectrochemical processes ([Fig. 1A](#F1){ref-type="fig"}). The potential level required for the FeS-to-Fe^0^ electroreduction (≤−0.7 V versus SHE) is attainable under moderately hot, H~2~-rich, and alkaline hydrothermal conditions (for example, at 100°C and pH 10 in the presence of 1 mmol kg^−1^ H~2~), as observed even in the present-day hydrothermal systems ([@R45]). Alkaline hydrothermal fluids generate a steep pH gradient, as well as highly negative potentials, across the metal/mineral precipitates where a wide range of pH conditions are created, favoring both certain steps in the rTCA cycle (pH 6.5) and in the keto acid--to--amino acid reductive amination (pH 9.6). The vent precipitates also provide three-dimensional microcompartments within which organic products could have been retained ([@R46]). The Fe^0^ formation proceeds with the time scale much shorter than the decay time scale of most rTCA intermediates and amino acids under ancient oceanic temperatures \[0° to 50°C; ([@R25])\] ([@R47]--[@R50]). Although oxaloacetate decarboxylates with a half-life of hours ([@R51]), it can quickly convert to more stable compounds (malate and aspartate) with the aid of FeS_PERM. Together, coupling of oxidation of metals generated by sulfide reduction with the reductive organic reactions can be a very potent general means to harness the reducing power of hydrothermal systems. Considering much greater thermal convection ([@R52]) and wider and denser distribution of ultramafic rocks in the Hadean ocean crust ([@R53]) than today, widespread metal-rich conditions containing Fe^0^, Ag^0^, Cu^0^, and Pb^0^ and their sustained primordial metabolism were likely to have occurred on the Hadean ocean floor.

The letters from Moran and colleagues ([@R14], [@R15]) suggest that zerovalent metals were advantageous to the protometabolic reactions. However, we must point out that a lot of future work is needed to complete the autotrophic scenario of the origin of life. In Muchowska *et al.* ([@R14]), all experiments were conducted in highly acidic solutions (1 M HCl or 1 M H~2~SO~4~) to couple the Fe^0^ oxidation with the reductions of TCA intermediates. This acidic condition required hydrazine (N~2~H~4~) as a nitrogen source for the reductive amination of α-keto acids to the corresponding α-amino acids. The exploration of more realistic reaction settings is definitely needed. Varma *et al.* ([@R15]) reported CO~2~ conversion to several C~2~ to C~3~ compounds (for example, acetate and pyruvate) on commercial Fe^0^, but we did not observe organic molecule formation from CO~2~ in the presence of FeS_PERM even at elevated temperatures (but ≤100°C) in a range of experimental duration ≤7 days. The difference in the CO~2~ reactivity may be due to insufficient FeS-to-Fe^0^ electroreduction that prevents CO~2~ from binding to Fe atoms with a surface density enough to make C─C bonds between adsorbed CO~2~ molecules ([@R15]). An alternative mechanism of abiotic CO~2~ fixation in the deep-sea hydrothermal vent environments is the CO~2~ electroreduction to CO on CdS at \<0.8 V (versus SHE) ([@R6]) and the subsequent CO fixations, as demonstrated by Huber and Wächtershäuser ([@R7]--[@R9]). The CO~2~ activation may also be achieved on the FeS_PERM by doping impurities (for example, NiFe~3~S~4~ by Ni doping). Multielement-containing FeS and Fe^0^ typically exhibit higher CO~2~ reduction efficiencies than the pure counterparts by offering reaction sites for intermediates to be stabilized ([@R54]). This strategy is adopted in various biological CO~2~ fixation pathways ([@R4]). Further investigation of the optimal composition of iron and other metal sulfides that enhances the C─C bond formation based on the extant metabolic strategy is desirable. Catalytic and reductive functions of Ag~2~S_PERM, CuS_PERM, and PbS_PERM in the protometabolic reactions must also be addressed to elucidate the role of hydrothermal systems in the origin and early evolution of life.

The hour- to day-scale electroreduction of several sulfides to the corresponding metals (Fe^0^, Ag^0^, Cu^0^, and Pb^0^) and the capability of the resultant FeS-Fe^0^ assemblage for driving abiotic reactions demonstrated in the present study may have a great impact not only on the emergence of life on Earth but also possible lives on exoplanetary systems. Ongoing ground- and space-based observations have discovered thousands of exoplanetary systems ([@R55]), among which two systems were identified to host Earth-size rocky planets that potentially maintain liquid water on their surfaces ([@R56], [@R57]). Deep-sea hydrothermal systems have been proposed to be one of the most plausible cradles of life on Earth and other rocky planets ([@R4]), while the preceding key geo- and astrochemical processes remain largely unknown. The precipitation and subsequent electroreduction of sulfides in hydrothermal mixing zones ([Fig. 1A](#F1){ref-type="fig"}) can be predicted from the chemical compositions of hydrothermal fluids and seawater, all of which are also predictable from the physical and chemical conditions of water-rock interaction beneath the ocean floor. Thus, understanding of the electrochemical behaviors of sulfides and their prebiotic/biotic functions must be a highly interesting direction of extraterrestrial life studies.

MATERIALS AND METHODS
=====================

Preparation of metal sulfides
-----------------------------

All metal sulfides except for WS~2~ and MoS~2~ were prepared by a drop-wise addition of 100 mM Na~2~S (or 50 mM Na~2~S for the case of Ag~2~S) into a 100 mM aqueous solution of the corresponding metal chloride (AgCl, CdCl~2~, CoCl~2~, CuCl~2~, FeCl~2~, MnCl~2~, NiCl~2~, PbCl~2~, or ZnCl~2~) under vigorous stirring with a final volume ratio of 1:1. Solid precipitates were then separated from the supernatant solution by centrifugation and were dried under vacuum. To prevent oxidation by atmospheric O~2~, the sample preparation was conducted in a globe box filled with N~2~ gas (\>99.99995%), with 4% H~2~ being added (the COY system). All chemicals were purchased from Wako as reagent grade. Deaerated Milli-Q water (18.2 megohms) was used as the solvent. WS~2~ and MoS~2~ were obtained from Sigma-Aldrich (99%, \~90 nm) and were used without further purification.

Although our prepared copper sulfide is covellite (CuS), chalcosite (Cu~2~S) was likely more prevalent in the early ocean hydrothermal vent environments because the Hadean seawater is expected to have had the redox potential (*E*~h~ = −0.27 V versus SHE; see below) lower than the Cu^2+^/Cu^+^ equilibrium potential (0.15 V versus SHE). However, CuS electroreduction to Cu^0^ always occurred via Cu~2~S (fig. S12). The activation energy barrier of the CuS-to-Cu~2~S conversion is low because the reaction nearly completed at −0.4 V (versus SHE) and occurred even at −0.2 V (versus SHE) by the 7-day electrolysis ([Fig. 1E](#F1){ref-type="fig"}). Thus, the use of CuS instead of Cu~2~S does not influence the observed threshold potential of the Cu^0^ formation and hence does not alter the conclusion of the present study.

Electrochemical experiments
---------------------------

The Hadean ocean was rich in Fe^2+^ (10^−2^ to 10^−4^ M) ([@R23]), mildly cool (0° to 50°C) ([@R25]), and slightly acidic (pH 6 to 7) ([@R25]) under CO~2~-rich (0.1 to 1 bar) ([@R42], [@R58]), anoxic but H~2~ poor (\<0.01 bar) ([@R22], [@R59]) atmosphere. The seawater volume was likely larger than the present level ([@R60]). Shibuya *et al.* ([@R34]) assumed a 5-km water depth (500 bar) in their thermodynamic modeling of the Hadean deep-sea hydrothermal processes. Seawater H~2~S concentration has not been determined precisely, but setting a saturation with respect to pyrite (FeS~2~) leads to a provisional value of 0.1 to 1 μmol kg^−1^ ([@R35]). For example, an equilibrium between FeS~2~ and 10^−4^ mol kg^−1^ Fe^2+^ (Fe^2+^ + 2HS^−^ → FeS~2~ + H~2~) in deep seawater at pH 6, 25°C, 500 bar, and with the ionic strength of 0.5 in the presence of 0.001 bar of atmospheric H~2~ results in the dissolved H~2~S plus HS^−^ concentrations of 0.5 μmol kg^−1^ (see "Thermodynamic calculation" section below).

To simulate the metal sulfide electroreduction under the early ocean condition summarized above, 100 to 400 mg of metal sulfide was deposited on the carbon working electrode (5.7 cm^2^; fig. S1), immersed in a deaerated aqueous solution of 100 mM NaCl and 0 to 15 mM NaOH (60 ml), and exposed to a flow of CO~2~ gas (\>99.995%) containing 4 ppm of H~2~S (20 ml min^−1^). No binder material was used in the sulfide deposition to avoid potential adverse influences. The CO~2~ and H~2~S gas buffered the solution pH to slightly acidic pH (6 ± 0.25) and supplied H~2~S and HS^−^ into the solution with the equilibrium total concentration of 0.5 μmol kg^−1^. The pH value was monitored by a portable pH meter (Seven2Go Pro, Mettler Toledo), whereas dissolved H~2~S and HS^−^ concentrations were predicted by thermodynamic calculation. Although the NaCl concentration used in this experiment is lower than the salinity of the early ocean that would have been comparable with the modern level ([@R61]), NaCl is likely ineffective for the sulfide electroreduction reactivity ([@R24]). The same would be true of dissolved free Fe^2+^ ([@R24], [@R62]). Other ionic species that would have dissolved in the Hadean seawater were not considered because of a lack of definitive constraint for their concentrations. Note that the differences in ionic strength and pressure between the experimental condition and the deep-sea hydrothermal settings do not significantly influence the sulfide/metal equilibrium potentials. For example, the mackinawite/Fe^0^ equilibrium potential at 25°C and pH 6 in the presence of 0.5 μmol kg^−1^ H~2~S is −0.545 V (versus SHE) at *I* = 0.1 and 1 bar, whereas −0.550 V (versus SHE) at *I* = 0.5 and 500 bar.

While keeping the CO~2~ and H~2~S gas flow that was started at least 1 hour before each experiment, a constant potential was applied on the carbon electrode for up to 7 days by using a multi-potentiostat (PS-08; Toho Technical Research). In the course of the electrolysis, a fraction of metal sulfide floated with electrochemically generated gas bubbles (for example, H~2~) and deposited onto a cell compartment out of the electrode. The percentage remaining on the electrode after the 7-day experiment was around 50% at −0.7 V (versus SHE) and around 30% at −1.0 V (versus SHE) for the case of FeS. All potentials were measured against an Ag/AgCl reference electrode in saturated KCl and were converted to the SHE scale by the following equation$$E(\text{vs}.\text{SHE}) = E(\text{vs}.\text{Ag}/\text{AgCl}) + 0.198~V$$

After the electrolysis, the electrochemical cell was immediately transferred into a globe box filled with N~2~ and H~2~ gases (volume ratio, 96:4). The solid sample was separated from the supernatant solution, dried under vacuum, and measured for XRD pattern using an x-ray diffractometer with Cu Kα radiation (MiniFlex 600, Rigaku). All the runs were conducted with 2θ ranging from 10° to 90° using 0.02° 2θ step with a scan rate of 1° min^−1^ except for the runs for FeS and CoS, which were done with a scan rate of 0.1° min^−1^. To prevent oxidation by atmospheric O~2~ during the measurement, the solid samples were shielded in an air-sensitive sample holder (Rigaku). Peak identifications were made on the basis of the reference patterns reported in the Power Diffraction File published by the International Centre for Diffraction Data. The reference patterns are presented in [Fig. 1](#F1){ref-type="fig"} (B to E) and fig. S3.

Reactions with the electrochemically reduced FeS
------------------------------------------------

Two types of experiments were conducted with the electrochemically reduced FeS at −0.7 V (versus SHE) for 7 days. For comparison, the same procedures were followed with as-prepared FeS, with pure Fe^0^ obtained commercially, and without reductant. FeCl~2~ and pure H~2~ gas were also examined for their reducing capabilities. Pure Fe^0^ was purchased from EM Japan (catalog no. NP-FE-2-25). The reported purity, mean particle diameter, and specific surface area are \>99.5%, 95 to 105 nm, and 4 to 6 m^2^ g^−1^, respectively. XRD measurement confirmed that the commercial Fe^0^ is in the α phase (fig. S13) that is the same structure as the Fe^0^ formed by the FeS electroreduction at ≤−0.7 V versus SHE ([Fig. 1B](#F1){ref-type="fig"}). Each experiment was performed at least twice to ensure reproducibility. The product yields of multiple runs are summarized in table S1 as the averaged values with ±SD.

### Experiment 1. Reductions of NO~3~^−^, oxaloacetate, and fumarate

A serum bottle (30 ml) was charged with 100 mg of FeS_PERM and sealed with a butyl rubber cap and an aluminum stopper in a globe box filled with N~2~ and H~2~ gases (volume ratio, 96:4). The bottle was then filled with pure CO~2~ gas (\>99.995%) by flowing the CO~2~ through a stainless needle at a rate of 50 ml min^−1^ over 10 min. This was followed by the addition of 1.5 ml of deaerated aqueous solution of NaNO~3~, oxaloacetic acid, or fumaric acid (5 mM for each). After rotating the bottle at 60 rpm min^−1^ for 48 hours at room temperature (23° to 25°C), the sample suspension was filtered with a polytetrafluoroethylene membrane filter (pore size, 0.2 μm) and measured for pH by a portable pH meter (Seven2Go Pro, Mettler Toledo) (table S1). The filtrate was mixed with a reagent grade 1 mM NaOH aqueous solution to precipitate out dissolved iron as hydroxides and filtered again before the product analysis (see below). This experiment was also conducted with pure H~2~ gas (\>99.9999%) or with 0.75 ml of aqueous solution of NaNO~3~, oxaloacetic acid, or fumaric acid (10 mM for each) plus 0.75 ml of aqueous FeCl~2~ solution (100 mM). No solid reductant was added in the latter two systems.

### *Experiment 2. Reductive aminations of glyoxylate, pyruvate, oxaloacetate, and* α-*ketoglutarate*

A serum bottle (30 ml) was charged with 100 mg of FeS_PERM and sealed with a butyl rubber cap and an aluminum stopper in a globe box filled with N~2~ and H~2~ gases (volume ratio, 96:4). The bottle was then filled with pure N~2~ gas (\>99.99995%) by flowing the N~2~ through a stainless needle at a rate of 50 ml min^−1^ over 10 min. This was followed by the addition of 0.75 ml of deaerated aqueous solution of 1 M NH~4~Cl plus 10 mM glyoxylic acid, sodium pyruvate, oxaloacetic acid, or α-keto glutaric acid and the subsequent addition of 0.75 ml of deaerated 0.5 M NaOH. After rotating the bottle at 60 rpm min^−1^ for 48 hours at room temperature (23° to 25°C), the sample suspension was filtered and measured for pH (table S1). The filtration was done again before the sample analysis. This experiment was also conducted with pure H~2~ gas (\>99.9999%) or with 0.75 ml of aqueous solution of NH~4~Cl (1 M) plus glyoxylic acid, sodium pyruvate, oxaloacetic acid, or α-keto glutaric acid (10 mM for each), 0.375 ml of aqueous FeCl~2~ solution (200 mM), plus 0.375 ml of NaOH (1 M). No solid reductant was added in the latter two systems.

Sample analysis
---------------

Organic and inorganic species in the sample solutions were characterized by high-performance liquid chromatography (HPLC). Product identifications for organic compounds were also made by proton nuclear magnetic resonance (^1^H NMR) spectroscopy. In many cases, the total amounts of identified compounds were less than the initial amounts of starting materials probably because of condensation into insoluble macromolecules and/or adsorption on solid surfaces ([@R63]).

Organic acids were quantified by a Shimadzu HPLC system equipped with an electric conductivity detector and an anion exchange column (Shim-pack SCR-102H, Shimadzu) set at 40°C. The *p*-toluenesulfonic acid aqueous solution (5 mM) was used as the eluent at a rate of 1.6 ml min^−1^. The reproducibility of the data was within ±5%, which was estimated from the peak area-concentration relationship of each compound under at least four different concentrations (fig. S5).

The same instrument was used for quantifying inorganic anions (for example, NO~3~^−^ and NO~2~^−^). An anion exchange column (SI-90 4E, Shodex) was used at 25°C. Na~2~CO~3~ (1.8 mM) plus 1.7 mM NaHCO~3~ aqueous solution was used as the eluent at a rate of 1.5 ml min^−1^. The reproducibility of the data was within ±5% (fig. S6).

^1^H NMR measurements were conducted with a Bruker Avance III spectrometer (400 MHz) at the sample temperature of 303.0 K. Typically, 0.45 ml of sample solution was mixed with 0.05 ml of D~2~O (99.9%; Merck Millipore) containing 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid-d~6~ sodium (DSS-d~6~; Sigma-Aldrich) and was placed in an NMR tube (5 mm outside diameter; Wilmad-LabGlass). DSS-d~6~ was used for the calibration of the 0-ppm position and to estimate the product and reactant concentrations as an internal standard. A solvent suppression was run to minimize the solvent signal.

Ammonia and amino acids were analyzed by a Jasco HPLC system equipped with post-column derivatization with *o*-phthalaldehyde and a fluorescence detector operated at 345 nm for excitation and at 455 nm for emission. Five citrate buffer solutions of different citrate concentrations and pH values were used as eluents in a stepwise condition. A cation exchange column (AApak Na II-S2, Jasco) was used at 50°C. The reproducibility of the data was within ±5% (fig. S7).

The gas headspaces of serum bottles were analyzed by a GC-2010 Plus (Shimadzu) equipped with a BID-2010 Plus detector (Shimadzu) and a MICROPACKED-ST column (Shinwa). He (\>99.99995%) was used as the carrier gas at a flow rate of 17 ml min^−1^. The column temperature was initially kept at 35°C for 2.5 min, raised to 250°C at a rate of 20°C min^−1^, and then raised to 265°C at a rate of 4°C min^−1^. H~2~, CO, CH~4~, and C~2~H~6~ were quantified within ±10% error (figs. S8 and S14 and table S2). All chromatograms showed the O~2~, N~2~, and CO~2~ signals (partly) due to the intrusion of air into the gas chromatography (GC) system at the sample injections (fig. S14).

Thermodynamic calculation
-------------------------

The equilibrium potentials of electrochemical reactions were calculated by using the Nernst equation$$E_{h} = E_{h}^{0} - \frac{\mathit{RT}}{\mathit{zF}}\text{ln}\frac{\alpha_{\text{red}}}{\alpha_{\text{ox}}}$$

In that equation, *T*, *R*, and *F* stand for temperature in kelvin, the gas constant (8.31447 J mol^−1^ K^−1^), and the Faraday constant (96485 J mol^−1^ V^−1^), respectively. α~i~ represents the activity of the species i that was calculated either using the extended Debye-Hückel equation ([@R64]) for aqueous ionic species or setting the activity coefficient to unity for aqueous neutral species and solid materials. *z* signifies the number of electrons transferred in the reaction. $E_{h}^{0}$ denotes the standard redox potential at the temperature and pressure of interest. The values of $E_{h}^{0}$ were calculated by combining the standard Gibbs energies of formation (∆*~f~G*^o^) of the individual compounds involved in the reaction$$E_{h}^{0} = \frac{\mathrm{\Delta}_{f}G_{\text{ox}}^{o} - \mathrm{\Delta}_{f}G_{\text{red}}^{o}}{\mathit{zF}}$$

The value of ∆*~f~G*^o^ for aqueous species at desired temperature and pressure was calculated according to the revised Helgeson-Kirkham-Flowers (HKF) equations of state ([@R65]) by using the thermodynamic data and the revised HKF parameters reported by Shock *et al.* ([@R66], [@R67]). The temperature and pressure dependences of ∆*~f~G*^o^ for solid materials were calculated as follows$$\mathrm{\Delta}_{f}G_{P,T}^{o} = {\mathrm{\Delta}G}_{P_{r},T_{r}}^{o} - S_{P_{r},T_{r}}^{o}(T - T_{r}) + \int\limits_{T_{r}}^{T}C_{P_{r}}^{o}dT - T\int\limits_{T_{r}}^{T}C_{P_{r}}^{o}\text{dln}T + \int\limits_{P_{r}}^{P}V_{T}^{o}dP$$where $\Delta_{f}G_{P_{r},T_{r}}^{o}$ and $S_{P_{r},T_{r}}^{o}$, respectively, represent the standard molar Gibbs energy and entropy at the reference temperature (*T*~r~ = 298.15 K) and pressure (*P*~r~ = 1 bar). $C_{P_{r}}^{o}$ represents the standard molar heat capacity at *P*~r~, and $V_{T}^{o}$ denotes the standard molar volume at the temperature of interest. The values of ${\mathrm{\Delta}G}_{P_{r},T_{r}}^{o}$, $S_{P_{r},T_{r}}^{o}$, $V_{T}^{o}$, and $C_{P_{r}}^{o}$ as a function of temperature for metal sulfides used in the present study are listed in table S3 ([@R68]--[@R75]). The thermodynamic data for pure metals are all taken from ([@R68]).

The potential/pH diagrams of the sulfide-metal systems ([Figs. 1 and 2](#F1){ref-type="fig"} and fig. S3) were computed using the Act2 program in Geochemist's Workbench version 10.0.5 using the thermodynamic dataset calculated by the above procedures.
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Fig. S1. A schematic of the electrochemical cell.

Fig. S2. XRD patterns of FeS electrolyzed at −1.0 V versus SHE for different durations.

Fig. S3. XRD patterns of metal sulfides before and after the 7-day electrolysis.

Fig. S4. Total charges build up during the electrolysis.

Fig. S5. Calibration curves for organic acids by the LC-electric conductivity detector system.

Fig. S6. Calibration curves for NO~3~^−^ and NO~2~^−^ by the LC-electric conductivity detector system.

Fig. S7. Calibration curves for amino acids and ammonia by the LC-fluorescence detector system.

Fig. S8. Calibration curves for H~2~, CO, CH~4~, and C~2~H~6~ by the GC-BID detector system.

Fig. S9. Nonenzymatic reactions in the presence of pure H~2~ gas, FeCl~2~, FeS, FeS_PERM, and Fe^0^ and those examined in the absence of reductant.

Fig. S10. Analytical results of fumarate (5 mM, 1.5 ml) incubated with the FeS_PERM (100 mg) at 80°C for 2 days.

Fig. S11. Reductive amination of four keto acids promoted by the FeS_PERM in one serum bottle.

Fig. S12. XRD patterns of CuS electrolyzed at −0.8 and −1.0 V (versus SHE) for short durations.

Fig. S13. XRD patterns of pure Fe^0^ used in the present study.

Fig. S14. GC chromatograms of the gas headspaces of serum bottles measured after the reduction experiments of organic/inorganic compounds.

Table S1. Summary of the reduction experiments of organic/inorganic compounds.

Table S2. Amounts of H~2~, CO, CH~4~, and C~2~H~6~ in the serum bottles (30 ml) after the reduction experiments of organic/inorganic compounds.

Table S3. Thermodynamic data for sulfide minerals.
